The Ser/Thr protein kinase 3-phosphoinositide-dependent protein kinase-1 (PDK1) is a highly conserved eukaryotic kinase that is a central regulator of many AGC kinase subfamily members. Through its regulation of AGC kinases, PDK1 controls many basic cellular processes from translation to cell survival. While many of these PDK1-regulated processes are conserved across kingdoms, it is not well understood how PDK1 may have evolved within kingdoms. In order to better understand PDK1 evolution within plants, we have isolated and characterized the PDK1 gene from the moss Physcomitrella patens (PpPDK1), a non-vascular representative of early land plants. PpPDK1 is similar to other plant PDK1s in that it can functionally complement a yeast PDK1 knockout line. However, unlike PDK1 from other plants, the P. patens PDK1 protein does not bind phospholipids due to a lack of the lipid-binding pleckstrin homology domain, which is used for lipid-mediated regulation of PDK1 activity. Sequence analysis of several PDK1 proteins suggests that lipid regulation of PDK1 may not commonly occur in algae and non-vascular land plants. PpPDK1 can phosphorylate AGC kinase substrates from tomato and P. patens at the predicted PDK1 phosphorylation site, indicating that the PpPDK1 substrate phosphorylation site is conserved with higher plants. We have also identified residues within the PpPDK1 kinase domain that affect kinase activity and show that a mutant with highly reduced kinase activity can still confer cell viability in both yeast and P. patens.
regulator of AGC kinase signaling, loss of PDK1 is lethal in yeast (Casamayor et al., 1999; Niederberger and Schweingruber, 1999) , D. melanogaster (Rintelen et al., 2001 ), mice (Lawlor et al., 2002) , and tomato (Devarenne et al., 2006) . Interestingly, in contrast to the other studied PDK1 genes, Arabidopsis PDK1 (AtPDK1) appears to be non-essential for plant survival (Camehl et al., 2011) . PDK1s from both human and Arabidopsis have been shown to complement loss of the S. cerevisiae PDK1 homologues PKH1 and PKH2 (Casamayor et al., 1999; Deak et al., 1999) , suggesting that while some aspects of PDK1 function are common to yeast, mammals, and plants, additional organism-specific AGC kinase-mediated cellular regimes await further exploration.
In recent years the moss Physcomitrella patens has emerged as an exciting new model organism due to several attractive advantages over other plant models including a dominant haploid gametophyte stage (Cove, 2005) and highly efficient homologous recombination (Schaefer, 2002) . This makes targeted gene disruption and replacement possible for the first time in a plant. Additionally, as a member of the bryophytes P. patens is an ideal model for plant evolutionary studies. Bryophytes, consisting of mosses, liverworts, and hornworts, are the closest extant relatives of early land plants, which first appear in the fossil record approximately INA106-3B lacks PKH2 and possesses a point mutation in PKH1 (D398G; pkh2Δ::LEU2/pkh1 D398G ) that confers a temperature sensitive phenotype; INA106-3B yeast is able to grow at the permissive temperature of 25°C but not at the restrictive temperature of 35°C (Inagaki et al., 1999) . INA106-3B yeast were transformed with empty vector, MBP-PpPDK1-6His, MBP-Pp174181, or MBP-Pp188412 . Transformed yeast cultures were grown in liquid medium lacking uracil at 25°C and spotted onto plates which were incubated at either 25°C or
35°C.
Only yeast transformed with MBP-PpPDK1-6His were able to complement pkh2Δ::LEU2/pkh1 D398G , as assessed by growth at 35°C (Supplemental Fig. S1B ). Western blotting with α-MBP confirmed expression of all proteins (Supplemental Fig. S1B ). Taken together, these results suggest that like rice (Matsui et al., 2010) , and in contrast to Arabidopsis (Bögre et al., 2003; Camehl et al., 2011) and tomato (Devarenne et al., 2006) , the P. patens genome contains a single PDK1 gene.
Lipid-binding ability of PpPDK1
Because of its lack of a PH domain (Fig. 1A) , the ability of PpPDK1 to bind lipids was analyzed. PpPDK1 did not appear to strongly bind phospholipids, though very weak binding to several phospholipids was detected using protein-lipid overlay assays (Supplemental Fig. S3A ).
This result is in contrast to AtPDK1 and SlPDK1, which both strongly interact with a number of phospholipids including multiple phosphorylated phosphatidylinositols and phosphatidic acid (PA; Supplemental Fig. S3A ) (Deak et al., 1999) . PpPDK1 also appeared not to bind sphingolipids (Supplemental Fig. S3B ), contrary to human PDK1 which is activated by sphingosine (King et al., 2000) , and Pkh1/2 which are activated by sphingoid bases (Friant et al., 2001 ). These results raise the possibility that, unlike the other plant PDK1s analyzed so far (Deak et al., 1999; Bögre et al., 2003; Anthony et al., 2004; Anthony et al., 2006; Zegzouti et al., 2006) , PpPDK1 activity and signaling may not be lipid-regulated. However, a more detailed study is required to confirm or deny lipid control of PpPDK1.
Characterization of PpPDK1 Activity
The kinase activity (auto-and trans-phosphorylation) of PpPDK1 was tested by in vitro kinase assays. MBP-PpPDK1-6His used either Mg 2+ or Mn 2+ as a divalent cation for autophosphorylation and phosphorylation of the artificial kinase substrate myelin basic protein (Fig. 3A) . As expected, since Lys67 coordinates ATP, mutation of Lys67 to Gln (K67Q) abolished both PpPDK1 autophosphorylation and phosphorylation of myelin basic protein (Fig. 3A) . To test whether PpPDK1 can activate AGC kinases, PpPDK1 was incubated with either a known PDK1 AGC kinase substrate, Adi3 from tomato (Devarenne et al., 2006) , or a novel putative AGC kinase isolated from P. patens, Pp2484, which was identified by searching the P.
patens genome database at Phytozome using the Adi3 sequence (accession #AY849914). Based on ClustalW protein sequence alignment with Adi3, Pp2484 appears to possess characteristics of a typical AGC kinase: a kinase domain containing the invariant ATP coordinating Lys (Lys341), an activation loop within the kinase domain, and a C-terminal PIF motif for interaction with PDK1 (Supplemental Fig. S4A ). Pp2484 was further verified as a functional kinase using in vitro kinase assays to confirm the contribution of conserved residues to its activity. As expected, mutation of the conserved ATP-coordinating Lys341 to Gln (K341Q) completely abolished MBP-Pp2484 autophosphorylation and phosphorylation of myelin basic protein (Supplemental Fig. S4B ). Mutation of the conserved activation loop Ser to the phosphomimetic amino acid Asp (S577D) increased MBP-Pp2484 kinase activity compared to wild-type protein (Supplemental Fig. S4B ). Next, the ability of PpPDK1 to phosphorylate these AGC kinases was tested. MBPPpPDK1-6His phosphorylated kinase-inactive MBP-Adi3 K337Q and MBP-Pp2484 K341Q (Fig. 3B ).
As has been seen for SlPDK1 phosphorylation of Adi3 (Devarenne et al., 2006) , mutation of the conserved PDK1 phosphorylation site in the activation loop of MBP-Adi3 K337Q and MBP- (Fig.4B) . The activity of the K71A and K71Q MBP-PpPDK1-6His mutants toward MBPPp2484 K341Q was drastically reduced compared to wild-type PpPDK1 (Fig. 4B) . The activity of
MBP-PpPDK1
L111A -6His on MBP-Pp2484 K341Q was also reduced compared to wild-type PpPDK1 (Fig. 4B ), but was not as dramatic as the decrease in autophosphorylation shown in Fig.   4A . Interestingly, though the autophosphorylation of MBP-PpPDK1 I75A -6His and MBP-
PpPDK1

Q106A
-6His was comparable to wild-type PpPDK1 (Fig. 4A) , these mutants displayed reduced activity on MBP-Pp2484 K341Q compared to wild-type PpPDK1 (Fig. 4B) (Fig. 4D ). Western blotting with α-MBP confirmed expression of all MBPPpPDK1-6His proteins (Fig. 4D) . These results suggest that, while kinase-active PpPDK1 is required to perform tasks related to cell survival and growth, very low levels of activity are sufficient to enable PpPDK1 to fulfill these vital functions.
Analysis of pdk1 knockout and PpPDK1-6His and PpPDK1
K71A -6His Transformed Moss
In every organism studied so far except Arabidopsis (Camehl et al., 2011) , deletion of PDK1 is lethal (Casamayor et al., 1999; Niederberger and Schweingruber, 1999; Rintelen et al., 2001; Lawlor et al., 2002; Devarenne et al., 2006) . To test whether deletion of PpPDK1 is lethal, we attempted to knockout PpPDK1 via homologous recombination using a construct containing the hygromycin resistance marker between 5' and 3' PpPDK1 targeting fragments (Fig. 5A) . At the same time we took an alternate approach in case the pdk1 knockout line was lethal. Because
PpPDK1
K71A had the largest reduction in kinase activity ( Fig. 4A and B) but still enabled yeast viability ( Fig. 4D) , we used gene targeting to replace the endogenous PpPDK1 with either PpPDK1-6His or PpPDK1 K71A -6His (Fig. 5B) . After transformation and two rounds of antibiotic selection, the surviving moss colonies were PCR genotyped using primers 1 and 2 shown in Fig.   5A and B.
Initial genotyping showed that the majority of the pdk1 knockout transformants did not lack the endogenous PpPDK1 gene, whereas the majority of gene replacement transformants yielded genotyping products for both the endogenous PpPDK1 (532 nt) and PpPDK1-6His (2,356 nt; data not shown), suggesting that these colonies might have been unstably transformed. Further analysis identified one pdk1 knockout line, one PpPDK1-6His transformant, and one PpPDK1 K71A -6His transformant. A representative genotyping PCR is shown in Fig. 5C indicating the pdk1 knockout line lacked the endogenous PpPDK1 gene and the gene replacement lines lacked the endogenous copy of PpPDK1 and were most likely stable transformants.
Additional genotyping was used to verify 5' and 3' integration of all constructs into the endogenous PpPDK1 locus of the P. patens genome. Using the primer combinations 3 + 4 and amplified from genomic DNA extracted from the pdk1 knockout line and the gene replacement lines, but not from wild-type P. patens (Fig. 5D ). This indicated that all transformants had integrated the exogenous DNA into the PpPDK1 locus. These PCR products were cloned and sequenced to confirm that proper 5' and 3' integration had occurred.
Finally, Southern blot hybridization was performed to verify that PpPDK1-6His and
K71A -6His were present in the correct location in the P. patens genome. Southern blot analysis was not carried out on the pdk1 knockout line due to a lack of large amounts of viable tissue (see below). A probe based in the 35S promoter of the G418 resistance cassette (Supplemental Fig. S6A In order to confirm loss of PpPDK1 expression in the pdk1 knockout line and expression of the PpPDK1-6His and PpPDK1 K71A -6His constructs, RT-PCR expression analysis was performed on all transformants as described previously using ubiquitin as a control (Harries et al., 2005) . PpPDK1 mRNA was absent from the pdk1 knockout line and was present at similar levels in wild-type and PpPDK1 K71A -6His moss, whereas PpPDK1-6His moss contained higher levels of PpPDK1 mRNA (Fig. 5E ). These results indicate that the pdk1 knockout line is lacking the endogenous PpPDK1 and the gene replacement lines are expressing either PpPDK1-6His or PpPDK1 K71A -6His. Attempts to pull down PpPDK1-6His and PpPDK1
K71A
-6His proteins from moss using Ni 2+ resin were unsuccessful (data not shown), so future efforts to purify PpPDK1 from moss may require the use of additional tags, such as a tandem affinity purification (TAP) tag, or robust overexpression of PpPDK1.
To assess macroscopic effects from the loss of PDK1 and the K71A mutation on P. patens growth and development, wild-type, pdk1 knockout, PpPDK1-6His, and PpPDK1 K71A -6His strains were grown and allowed to develop protonema and leafy gametophore tissue over a 12 week time course. The pdk1 knockout line and wild-type moss grew similarly for the first 2 weeks (Fig. 6A) . However, at later time points the pdk1 knockout line produced fewer protonema, some of which began to turn brown and die (Supplemental Fig. S7 ). By 6 weeks, significant browning of the pdk1 knockout protonema was seen and at 12 weeks much of the protonemal tissue was brown, though some green filaments were still visible ( Fig. 6A, B) . A small amount of apparently healthy gametophore tissue formed in the center of the pdk1 knockout colony (Fig. 6A, B ), but the majority of the tissue appeared to be dead. For the gene replacement lines, the colony viability and sizes of both transformed strains appeared to be similar to wild-type moss for the first 4 weeks, after which expansion of the transformed moss colonies through protonemal growth was reduced compared to wild-type moss ( Fig. 6A ). At the same time, production of gametophore tissue in the gene replacement lines appeared to form earlier than the wild-type moss, but was not apparently different in morphology from the wildtype moss (Fig. 6A, B ). This result is in agreement with yeast complementation results ( Fig. 4D) and suggests that the minimally active PpPDK1 K71A is able to carry out essential functions related to moss growth and viability. It should be noted that the reduced colony size of the gene replacement moss lines could be due to improper RNA processing since the vector used for gene replacement lacks a terminator sequence for the introduced PpPDK1 gene. However, this vector has been used previously for gene replacement without noticeable differences from wild-type (Shakirov et al., 2010; Spinner et al., 2010) . Additionally, from the pdk1 knockout line it appears that loss of PpPDK1 is not completely lethal, but does not produce healthy moss tissue.
In comparison, this would suggest that the PpPDK1-6His and PpPDK1 K71A -6His constructs in the gene replacement lines are functional since this moss tissue was fully viable and did not show browning like the pdk1 knockout line.
As an additional test of the functionality of the PpPDK1-6His and PpPDK1 K71A -6His
transformants and the impaired growth of the pdk1 knockout line, we tested whether these moss were hypersensitive to heat (30˚C) and osmotic stress (0.9 M mannitol). For heat stress, incubation at 30˚C for 14 days gave surviving tissue in all moss lines except for the pdk1 knockout line, which appeared to be completely dead (Supplemental Fig. S8A ). After 14 days of recovery at 25˚C all moss lines except the pdk1 knockout line were able to recover and grow healthy, viable tissue that resembled the unstressed control (Supplemental Fig. S8A ). Similarly, the pdk1 knockout line was most severely affected by 30 days of growth on 0.9 M mannitol and 14 days of recovery without mannitol restored growth of all lines except the pdk1 knockout line (Supplemental Fig. S8B ). These data suggest that the PpPDK1-6His and PpPDK1 constructs in the gene replacement lines are able to function comparably to the wild-type
PpPDK1, but that the pdk1 knockout line is compromised in both normal growth and in response to heat and osmotic stresses.
Features of PDK1s from Algae, Primitive Land Plants, and Angiosperms
Given (Fig. 7A) , raising the possibility that these organisms either lack PDK1 altogether or possess PDK1 genes that are very different from known sequences, which could make them difficult to identify by sequence homology. It is also possible that their genome sequences require further annotation to identify PDK1 sequences.
Next, we analyzed all 23 identified PDK1 protein sequences for conserved features, including kinase domain, PIF-binding pocket, activation loop, and PH domain. Multiple sequence alignment revealed that the kinase domain of every PDK1 analyzed possesses conserved PIF-binding pocket residues, but that algal and P. patens PDK1s differ from vascular plant PDK1s in the lack of a PH domain (Supplemental Fig. S9; Fig. 7B ). As might be expected, a maximum-likelihood tree constructed from all 23 plant PDK1 sequences closely resembled the known phylogenetic placement of these plants, with higher plant PDK1s much more closely related to each other than to primitive land plant or algal PDK1s (Fig. 7B ). Our sequence analysis suggests that, while many residues in the PDK1 catalytic domain and PIF-binding pocket have been maintained in highly divergent plant taxa throughout hundreds of millions of years of evolution, the lipid-binding PH domain may only be required in higher plant PDK1s, and is not a characteristic feature of PDK1s from non-vascular land plants and algae.
DISCUSSION
Regulation of many basic processes in eukaryotic cells occurs through phosphorylation of several members of the AGC kinase subfamily by PDK1 (Bögre et al., 2003; Bayascas, 2010 The PpPDK1 identified here meets all of these definitions of PDK1s and thus should be considered a true PDK1. PpPDK1 contains a PIF-binding pocket that mediates interaction with substrates ( Fig. 4D) , phosphorylates P. patens and tomato AGC kinases at the conserved activation loop site (Fig. 3B) , and can complement the yeast Pkh1/2 knockout (Fig. 2, 4D ).
These complementation assays indicate that PpPDK1 can regulate some of the known PDK1 functions in a heterologous system and suggests that PpPDK1 may carry out the same functions within P. patens. These studies would also suggest that the mechanism for activation of substrates by PpPDK1 is conserved with what has been discovered for other PDK1s.
The PpPDK1 Knockout is Developmentally Compromised
Unlike other organisms, deletion of PpPDK1 was not lethal even though much of the pdk1 knockout moss colony appeared dead after 12 weeks of growth. Subsequent replating can recover growth of green protonema, but the same browning, non-viable phenotype appears as the moss ages. This would suggest that the pdk1 knockout line has severe developmental abnormalities. The only other report of a non-lethal PDK1 knockout is for Arabidopsis (Camehl et al., 2011) . However, plants lacking both AtPDK1-1 and AtPDK1-2 are stunted and less fertile than wild type (Camehl et al., 2011) suggesting that a loss of PDK1 in plants leads to growth retardation. The only other plant that was analyzed for the loss of PDK1 was tomato, where loss of PDK1 by virus induced gene silencing was lethal (Devarenne et al., 2006) . Confirmation of lethality in tomato would require the production of a PDK1 knockout, which is currently not possible in tomato. These contradictory results regarding the effects of PDK1 loss in photosynthetic organisms suggests that divergent roles for PDK1 may have evolved within plants. Further analysis on PDK1 from additional plants will be required to clarify this situation.
It is also interesting to note that the minimally kinase active PpPDK1 K71A protein could confer viability and does not produce the browning, non-viable phenotype seen with the pdk1 knockout line (Fig. 6 ). The PpPDK1 K71A protein was also capable of supporting viability in yeast (Fig. 4D) . There are several possible explanations for why PpPDK1 proteins with drastically reduced kinase activity are still able to confer cell viability. First, the PpPDK1 mutations did not completely eliminate interaction with a P. patens AGC kinase (Fig. 4C) 1B) and does not strongly bind lipids (Supplemental Fig. S3 ). Thus, it will be of interest to determine if novel mechanisms exist in P. patens for PDK1 interaction with substrates.
Additionally, more studies with the P. patens PDK1 K71A line generated here will be needed to determine if there is altered interaction with and activation of endogenous AGC kinase substrates.
Comparison of PpPDK1 to other PDK1 genes
Our phylogenetic analysis shows that there is a clear difference between higher (vascular) and lower (non-vascular) plants; the PDK1 proteins from these classes of plants can be distinguished by the presence or absence of the PH domain, respectively (Fig. 7B ). Thus, it is possible that the PH domain for lipid binding is an aspect of PDK1 function that developed at the time of vascular system formation. Additionally, the sequences for the green algae O.
lucimarinus and O. tauri, the red alga C. merolae, and the brown alga E. siliculosus contain extensive amino acid sequences on the N-terminal and C-terminal sides of the kinase domain (Fig. 7B) . The significance of these extra sequences towards function remains to be determined since activity of these proteins has not been reported.
The possible lack of PDK1 sequences from diatoms raises some interesting questions.
Diatoms can be considered a more recently evolved algae in relation to green and red algae allow for a more concrete assessment on the domain evolution of PDK1 proteins.
MATERIALS AND METHODS
Cloning and Site Directed Mutagenesis
PpPDK1 (Pp1s217_11V6.2 at Phytozome, GenBank accession JN049607), Pp188412 Site-directed mutagenesis was performed on genes cloned into pMAL-c2x using Pfu Turbo (Stratagene) according to the manufacturer's instructions. Finally, MBP-PpPDK1-6His, MBPAtPDK1-6His, MBP-SlPDK1-6His, MBP-Pp188412, MBP-Pp174181, and MBP-PpPDK1-6His point mutants were cloned into the plasmid p416GPD (Mumberg et al., 1995) To analyze the expression of all genes cloned into p416GPD, total protein was extracted as previously described (Yaffe and Schatz, 1984) from yeast grown at 30°C in liquid YPD medium (AC306 yeast) or 25°C in liquid medium lacking uracil (INA106-3B yeast). MBP fusion proteins were then detected by α -MBP (1:10,000; New England Biolabs) western blot.
In vitro Kinase Assays
PpPDK1-6His, Pp2411, AtPDK1-6His, SlPDK1-6His, Pp2411, and Adi3 were expressed as MBP fusion proteins using pMAL-c2 in E. coli BL21(DE3) and purified with amylose resin (New England Biolabs) according to the manufacturer's instructions. In vitro kinase assays were performed by combining the purified proteins in a 30 μ l final volume of kinase buffer containing 10 mM Tris pH 7.5, 10 mM MgCl 2 or 10 mM MnCl 2 , and 1 mM DTT. The reactions were started by the addition of 1 μ Ci γ -[ 32 P]ATP and nonradiolabeled ATP to a final concentration of 20 μ M followed by incubation at room temperature for 15 min. Reactions were stopped by the addition of 4x SDS-PAGE sample buffer. Protein phosphorylation was visualized by phosphorimager (Bio-Rad Molecular Imager) after separation by SDS-PAGE and signals were quantified using Quantity One software (Bio-Rad). All kinase assays were performed a minimum of three times, with representative images shown in figures.
In vitro Pulldown Assays
MBP, MBP-Pp2411, and MBP-PpPDK1-6His were purified with amylose resin as described above. Five μ g of purified MBP-PpPDK1-6His was added to 10 μ l of Ni 2+ resin (Novagen) in 200 μ l of binding buffer (20 mM Tris-HCl pH 7.9, 500 mM NaCl, 5 mM imidazole, 0.1%
Triton-X-100) and mixed at 4°C for 1 hr to allow MBP-PpPDK1-6His to bind the resin. Next, 5 μ g of purified MBP or MBP-Pp2411 was added to the sample and mixed at 4°C for 1 hr to allow the proteins to interact with MBP-PpPDK1-6His. After the incubation period samples were centrifuged at 400 x g for 1 min, the supernatant removed, and the samples were washed 3 times with 1 ml binding buffer followed by the addition of 100 μ l of 4x SDS-PAGE sample buffer.
Ten μl of each sample was then separated by SDS-PAGE and MBP fusion proteins detected by α -MBP western blot. Protein inputs were analyzed by performing SDS-PAGE on 5 μ g of purified MBP, MBP-Pp2411, and MBP-PpPDK1-6His and staining with coomassie.
Protein-Lipid Overlays
Binding of MBP, MBP-AtPDK1-6His, MBP-SlPDK1-6His, and MBP-PpPDK1-6His to several common phospholipids and sphingolipids was tested by protein-lipid overlay using PIP Strips and Sphingo Strips (Echelon Bioscience) according to the manufacturer's instructions and as previously described (Zegzouti et al., 2006) . Briefly, lipid strips were blocked with 3% fatty acid-free BSA in 1x PBS for 16 hr, 5 μ g of each purified protein was incubated with a lipid strip for 1.5 hr at room temperature, the lipid strips were washed 3 times with 1x PBST, and proteins bound to lipids were detected using α -MBP as with typical western blots.
Tissue Culture of P. patens and Generation of pdk1 knockout and PpPDK1-6His Constructs
Wild type P. patens Gransden (Ashton and Cove, 1977) was routinely grown on BCD plates overlaid with cellophane disks (AA Packaging) at 25˚C in continuous light following standard protocols (Roberts et al., 2011) . Seven days before transformation, wild type P. patens was passaged to BCD plates containing 5 mM di-ammonium tartrate.
For each moss stress treatment, all 4 moss lines (wild-type, pdk1 knockout, PpPDK1-6His, and PpPDK1 K71A -6His) were grown on the same plate to ensure results were not due to variation between plates. For heat stress, moss lines were moved to BCD plates and incubated at 30°C for 14 days, then allowed to recover on the same plate at 25°C for 14 days. For osmotic stress, moss lines were moved to BCD plates containing 0.9 M mannitol for 14 days, then moved to new BCD plates lacking mannitol and allowed to recover for 14 days. Transformants were initially selected by 7 days of growth on plates containing 20 μ g/ml hygromycin or 25 μ g/ml G418 followed by 10 days of growth on nonselective plates and an additional 7 days of growth on hygromycin or G418 plates. Surviving colonies were analyzed by genotyping PCR and Southern blotting (see below) for integration of the PpPDK1-6His
constructs into the correct location in the genome.
Genomic DNA Extraction
Genomic DNA was extracted from each moss colony surviving two rounds of hygromycin or These primers are based in the NptII gene (primer 5) and outside the 3' targeting fragment (primer 6) and amplify the entire 3' targeting fragment for all constructs (see Fig. 5A and B for primer location); primer 5, 5'-GCTGAAATCACCAGTCTCTCTCTAC-3' and primer 6, 5'-GGCAATGGTTCAAAAACCTCTTATAAGTCC-3'.
Southern Blot
Southern blot analysis was performed essentially as previously described (Nelson et al., 2011) to verify that PpPDK1-6His or PpPDK1 K71A -6His was integrated into the correct location in the P. patens genome and to assess the number of integration events. Forty μ g of genomic
-6His Moss
Total RNA was extracted from P. patens tissue using TRIzol Reagent (Invitrogen) and reverse transcription was performed using qScript cDNA SuperMix (Quanta Biosciences)
according to the manufacturer's instructions. RT-PCR was performed as previously described 
Phylogenetic Analysis of PDK1 Proteins
The following PDK1 protein sequences were obtained from NCBI, Phytozome, and individual species genome databases using a BLAST search with either the O. tauri PDK1 GenBank and GRMZM2G097821 at Phytozome).
A multiple alignment of all 23 PDK1 protein sequences was created using MUSCLE Upon request, all novel materials described in this publication will be made available in a timely manner for non-commercial research purposes, subject to the requisite permission from any third-party owners of all or parts of the material. Obtaining any permissions will be the responsibility of the requestor. 
